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Plants are known to contain three classes of bluelight-specific receptors: the cryptochromes (Batschauer, 2005) , the phototropins (Celaya and Liscum, 2005; Christie and Briggs, 2005) , and FKF1 (flavin-binding, kelch repeat, F-box; Imaizumi et al., 2003) , a member of the ZEITLUPE/ADAGIO putative family of photoreceptors (Schultz, 2005) . Among these photoreceptors, the phototropins are known to mediate phototropism, chloroplast movements, stomatal opening, leaf expansion, and the rapid inhibition of growth of etiolated hypocotyls (Christie and Briggs, 2005) .
The N-terminal half of the two phototropins (phot1 and phot2) contains two flavin mononucleotide (FMN)-binding domains approximately 110 amino acids in length designated light, oxygen, or voltage (LOV) 1 and 2, respectively, because they resemble similar domains in otherwise different signaling proteins that respond to LOV (Huala et al., 1997) . Christie et al. (1999) expressed the LOV domains from Arabidopsis (Arabidopsis thaliana) phot1 in Escherichia coli singly and together with the intervening amino acids and showed that they bound FMN. Thus, phototropins are unlike any other known photoreceptors in that they contain two similar domains that bind the same chromophore.
The C-terminal regions of the phototropins contain classic Ser/Thr protein kinase domains. Prior to their molecular characterization, earlier studies had shown that phototropin molecules underwent blue-lightactivated phosphorylation (Short and Briggs, 1994) . Subsequent studies with the PHOT1 gene expressed in an insect-cell/Baculovirus system demonstrated that this was an autophosphorylation event and that the molecule itself was the photoreceptor for the reaction (Christie et al., 1998) . These same studies demonstrated that full-length phot1 produced heterologously in an insect-cell system bound FMN as chromophore. Because mutants lacking phot1 failed to develop phototropic curvature in response to low fluence rate unilateral blue light, Christie et al. (1998) concluded that the molecule itself is also a photoreceptor for phototropism.
In darkness, LOV domains bind FMN noncovalently to form a spectral species that absorbs maximally at 447 nm . Blue-light irradiation of bacterially expressed LOV domains results in the formation of a product with a single absorption band near 385 nm (Salomon et al., 2000) . In subsequent darkness, the product decays over seconds or even minutes, depending upon the LOV domain, to the dark form. The spectral change detected was similar to that observed for the formation of a covalent bond between the sulfur of a Cys and the C(4a) carbon of the FMN, trapped as an enzymatic intermediate in the reduction of mercury by mercuric ion reductase (Miller et al., 1980) . Since all phototropin LOV domains have the highly conserved sequence GXNCRFLQ, Salomon et al. (2000) hypothesized that light caused the formation of a covalent adduct between the conserved Cys at amino acid position 39 within the LOV domain peptides and the C(4a) carbon of the FMN. Indeed, mutating the Cys to a Ser (C39S) or Ala (C39A) did not affect FMN binding but completely eliminated the photochemical reaction (Salomon et al., 2000) . Subsequent x-ray crystallographic studies showed that the SH group of C39 was located approximately 4 Å from the C(4a) carbon of the FMN chromophore (Crosson and Moffat, 2001 ) and moved to within approximately 2 Å upon irradiation (Crosson and Moffat, 2002) , confirming the results of Salomon et al. (2000) that light induced formation of the FMN-cysteinyl adduct.
Studies with heterologously expressed LOV domains of phototropins from several species, including Arabidopsis phot2 (Salomon et al., 2000; Kasahara et al., 2002) and the Arabidopsis F-box proteins (Imaizumi et al., 2003) , indicated that all of them formed the cysteinyl adduct upon illumination, as inferred from blue-light-induced spectral changes. However, the relative quantum efficiencies for phototropin LOV1 and LOV2 varied as much as 10-fold (0.05 for LOV1 and 0.45 for LOV2 for phot1 from oat [Avena sativa]). Likewise, the rate of return of the 385-nm species to the dark state varied severalfold among the range of LOV domains tested (Kasahara et al., 2002) .
Given that the two LOV domains of plant phototropins have different photochemical properties and are associated with different elements of the holoprotein, the biochemical consequences of their photoexcitation could well be different. Hence it was of interest to investigate the possible roles of each of the chromophore-binding domains both in mediating autophosphorylation and in mediating the various physiological responses. The C39A mutation described above that inhibits LOV domain photoreactivity can be conveniently used to assess the individual roles of LOV1 and LOV2. Christie et al. (2002) demonstrated that the LOV2 domain of Arabidopsis phot1 is essential for phot1 photochemistry and light-activated phosphorylation. Moreover, full-length phot1 with only LOV2 photochemically active is sufficient to elicit hypocotyl phototropism in transgenic Arabidopsis in response to low fluence rates of blue light. When only LOV1 is photochemically active, hypocotyl phototropism is not complemented. However, Christie et al. (2002) were unable to test the functional activity of LOV1 alone under higher fluence rates of blue light because the phot1-5 single-mutant background that was used for their analysis still contains functional phot2.
In this study, we have extended the initial work of Christie et al. (2002) and used the C39A mutation as a tool to probe the physiological functions of the LOV domains of both Arabidopsis phot1 and phot2. To do so, we have transformed a phot1 phot2 double mutant with constructs encoding each phototropin with both LOV domains functional, with only LOV2 functional, with only LOV1 functional, or with neither LOV domain functional. Expression levels of the transgenes in each of the various transgenics obtained were examined and representative lines selected from each category for further physiological analysis. Specifically, we investigated the ability of each transgene to restore phototropic responsiveness and leaf expansion in the phot1 phot2 double-mutant background.
RESULTS

Preliminary Characterization of the phot1 and phot2 Transgenic Lines
To investigate the function of each of the two phototropin LOV domains, we transformed the phot1 phot2 double mutant (phot1-5 phot2-1, gl1 background) with constructs ( Fig. 1A) encoding either wild-type phototropin, or phototropin with one or both of the two chromophore-binding domains (LOV domains) inactivated by replacing the conserved Cys with an Ala at amino acid position 39 within the LOV domain (C39A). The cauliflower mosaic virus 35S (CaMV35S) promoter was used to drive the expression of all constructs. Based on the segregation of kanamycin resistance, multiple homozygous lines, each with a single transgene, were isolated for further analysis. For simplicity, the resulting transgenics were designated photWT, photLOV1 1 LOV2, photLOV1 1 LOV2, and photLOV1 1 LOV2, respectively, where the strike through indicates the presence of the C39A mutation.
Western-blot analysis with phot1 antibody was used to examine the level of protein expression in each of the phot1 transgenic lines obtained, series 1 through 4 (Fig. 1B) . The phot1 antibody detected a 120 kD protein in membrane extracts from wild-type seedlings, but not in extracts from the phot1 phot2 double mutant. A protein of the expected size was detected in three of the phot1WT transgenic lines ( series 1, lines 1-a, 1-c, and 1-d but not in line 1-b). Similarly, phot1 protein was detectable in three of the phot1LOV1 1 LOV2 transgenic lines generated (series 2, lines 2-a, 2-c-1, and 2-c-2 but not in line 2-b). Of the four phot1LOV1 1 LOV2 transgenic lines tested, only one (series 3, line 3-a) showed weak accumulation of the PHOT1 protein.
The accumulation level in the other three phot1LOV1 1 LOV2 transgenics lines was below detection. All four of the phot1LOV1 1 LOV2 transgenic lines (series 4) tested showed detectable protein with highest levels being observed in lines 4-b and 4-c-1. The weak signal seen for the double mutant in the series-4 section is likely the result of spillage as no signal appears in the double-mutant lane in any of the other sections. We further confirmed the expression level of the PHOT1 transgene in each of the transgenic lines by using semiquantitative reverse transcription (RT)-PCR with PHOT1-specific primers (Fig. 1C) . The RT-PCR product of UBQ10 amplified from the same PCR reaction was used as an internal control. The level of PHOT1 cDNA amplified was normalized to that of UBQ10 and was expressed as the ratio of the normalized values to that of the wild-type seedlings. The RT-PCR results obtained were in agreement with the western data. Lines 1-c, 1-d, 2-c-1, 3-a, and 4-b of the phot1 transgenic lines showed higher mRNA levels than others in the same group, and this pattern correlated with the protein expression levels shown in Figure 1B . The level of PHOT1 mRNA in these transgenics lines was much higher than that driven by the native PHOT1 promoter in wild-type seedlings, which is consistent with overexpression by the CaMV35S promoter. Nevertheless, the level of PHOT1 protein detected in all of the phot1 transgenic lines obtained was measurably lower than that observed in wild-type seedlings (Fig. 1B) .
Because our antibody against phot2 failed to detect the proteins in etiolated seedlings of the phot2 transgenic lines, we determined the expression level of the PHOT2 transgene in each of these lines by RT-PCR, using PHOT2 and UBQ10 primers. The phot2WT transgenic lines (series 5), 5-e, 5-d, the phot2LOV1 1 LOV2 transgenic lines (series 7), 7-a, 7-c, in addition to PHOT transgenes containing a wildtype or mutagenized version of PHOT1 or PHOT2 with LOV1 and/or LOV2 C39A mutation (series 1-8). B, Western blots of membrane fractions prepared from wild-type (gl1), phot1 phot2 double mutant, or independent transgenic Arabidopsis seedlings expressing the series of constructs illustrated in A. Membrane protein extracts were probed with anti-phot1 antibody. Fifty micrograms of protein were loaded in each lane. Arrow indicates the molecular mass of phot1 (120 kD). C, Expression levels in control and transgenic seedlings. Total RNA was extracted from the seedling lines as in part B, above, grown under continuous white light at 22°C for 4 weeks. PHOT1, PHOT2, and UBQ10 cDNA were amplified by RT-PCR under semiquantitative conditions, resolved on agarose gels, and detected by hybridization. The signal intensity was determined by PhosphorImager and standardized to that of UBQ-10. The ratio of the phototropin signal to that of UBQ-10 was then normalized to that of the wildtype control. The experiment was done three times with the PHOT2 transgenes with similar results and once with the PHOT1 transgenes as results were consistent with those from the western analysis.
the phot2LOV1 1 LOV2 transgenic line (series 8) 8-a-2 showed higher levels of mRNA expression than others in the same transgenic groups. All of the phot2LOV1 1 LOV2 transgenics (series 6) showed mRNA expression levels similar to those of wild type. Whereas the phot1 phot2 double mutant did not express detectable PHOT1 mRNA, it did express a detectable level of PHOT2 mRNA (Fig. 1C, bottom section) .
Phototropic Responses of the phot1 and phot2 Transgenic Lines
Since we obtained multiple lines for each of the eight transformations, we characterized the phototropic sensitivity of all of the transgenic lines to blue light and selected the most responsive lines for further physiological experiments. We measured hypocotyl curvatures of 2.5-d-old dark-grown Arabidopsis seedlings after an 8-h exposure to unilateral blue light at a fluence rate of 1 mmol m 22 s 21 . As shown in Figure 2A , wild-type seedlings (gl1 background) responded on average with a curvature of about 50°. The phot1 phot2 double mutant showed a very weak phototropic response as reported previously (Sakai et al., 2001 ). Phot1WT transgenic lines (series 1) expressing the wild-type PHOT1 transgene developed positive curvatures similar to those observed in wild-type seedlings, with the exception of line 1-b, consistent with the corresponding transgene-expression levels shown in Figure 1 , B and C. The phot1LOV1 1 LOV2 transgenic lines (series 2) also exhibited phototropic responses similar to those of wild-type seedlings and the phot1WT transgenic lines. However, the phot1LOV1 1 LOV2 transgenic lines (series 3) and the phot1LOV1 1 LOV2 transgenic lines (series 4) showed only a small degree of phototropic curvature (average of less than 10°; Fig.  2A ). Thus the LOV2 domain of phot1 plays a major role in phototropism, but LOV1 alone is insufficient to restore the photoreceptor function of phot1 in response to low fluence rate unilateral blue light. These findings are consistent with results reported earlier .
Previous observations (Sakai et al., 2001 ) indicated that phot2 functions in phototropism only at a relatively high fluence rate of blue light. Therefore, we carried out phot2 phototropic assays with 8 h unilateral blue light at fluence rate of 20 mmol m 22 s 21 . The four phot2WT transgenic lines (series 5) responded to blue light as strongly as wild-type seedlings, with curvature angles ranging from 60°to 80° (Fig. 2B) . The phototropic responses of the phot2LOV1 1 LOV2 transgenic lines (series 6) were somewhat variable, with the best-expressing line 6-b-2 curving to about 60°. The phot2LOV1 1 LOV2 transgenic lines (series 7) showed unexpected phototropic responses, with the bestexpressing lines (7-a and 7-c) bending as much as 35°. Even though the curvature detected was less than that observed for wild-type seedlings and the phot2WT transgenic lines, it was more than that of the phot1 phot2 double mutant. This result is in sharp contrast to that observed for the phot1LOV1 1 LOV2 transgenic lines (series 3) that did not respond at all to blue light (1 mmol m 22 s 21 for 8 h; Fig. 1A ). None of the phot2LOV1 1 LOV2 transgenic lines (series 8) showed any phototropic response (20 mmol m 22 s 21 for 8 h). These results indicate that the phot2-mediated phototropic response of the phot1 phot2 double mutant could be rescued not only by phot2 with just LOV2 functional, but also at least partially by phot2 protein with just LOV1 functional, as had been previously shown for light-activated autophosphorylation of phot2 in insect cells . The relative phototropic responses obtained in the trangenic lines paralleled the level of transgene expression as shown in Figure 1C , with the exception of the transgenic lines in series 6 (phot2LOV1 1 LOV2).
In the above experiments, we identified transgenic lines that expressed PHOT1 and PHOT2 transgenes at levels we considered sufficient for further experiments. Thus the following lines were selected for further physiological characterization:
, and 8-a-2 (phot2LOV1 1 LOV2).
Phototropism Time-Course and Fluence Rate Studies
We next examined the development of phototropic responses of the eight classes of phot1 and phot2 transformants over time and against fluence rate. The time-course assays were performed using 2.5-d-old dark-grown seedlings that were irradiated with blue light at 1 mmol m 22 s 21 for the phot1 transgenic lines or at 20 mmol m 22 s 21 for the phot2 transgenic lines, respectively (Fig. 3, A and B) . The phot1WT (series 1, 1-d) and phot1LOV1 1 LOV2 (series 2, 2-c-1) transgenic seedlings showed phototropic responses similar to those of wild-type seedlings in their rate of curvature development: a rapid increase between 2 and 4 h, and maximum curvature response after about 8 h of blue-light treatment (Fig. 3A) . Over the same period of time, representatives for the phot1LOV1 1 LOV2 (series 3, 3-a) and phot1LOV1 1 LOV2 (series 4, 4-a) transgenic lines did not bend more than the phot1 phot2 double-mutant control. Comparing the curvature responses of the phot1LOV1 1 LOV2 transgenic seedlings (2-c-1) to those of the phot1LOV1 1 LOV2 transgenic seedlings (3-a) over the time course (Fig.  3A) confirmed that the LOV2 domain is the dominant light sensor for phot1-mediated phototropism.
As with the phot1 transgenics, the phot2 transgenic seedlings expressing phot2 with at least a functional LOV2 domain (series 5, 5-d; series 6, 6-b-2) developed curvature rapidly between 2 and 4 h, and reached a maximum angle at 8 h (Fig. 3B ). Phot2LOV1 1 LOV2 transgenic seedlings (series 8, 8-a-2) curved no more than the double mutant throughout the time points tested. As would be expected from the results shown in Figure 2 , the representative phot2LOV1 1 LOV2 transgenic line (series 7, 7-a), unlike its phot1LOV1 1 LOV2 counterpart (series 3, 3-a), showed strong curvatures (although less than wild-type seedlings). The apparent hypersensitivity of the wild-type construct expressed in the double mutant (5-d) likely arises from the fact that it is driven by the 35S promoter rather than the phot1 native promoter and therefore most likely has a different tissue distribution.
We then tested whether the expression of the different PHOT transgenes affected the phototropic sensitivity of the transformants to different fluence rates of blue light (Fig. 4) . As shown in Figure 4A , phot1WT (series 1, 1-d) and phot1LOV1 1 LOV2 (series 2, 2-c-1) transgenic seedlings responded like wild-type seedlings or the phot2-1 single-mutant controls throughout the fluence rates tested, suggesting that the transgeneexpression level in the phot1WT (series 1, 1-d) and phot1LOV1 1LOV2 (series 2, 2-c-1) transgenic lines, although lower than wild type (Fig. 1B) , was sufficient to rescue the phototropic responses mediated by phot1. While phot1LOV1 1 LOV2 transgenics (series 3, 3-a) responded no differently than the phot1 phot2 double mutant at all fluence rates tested, seedlings of the phot1LOV1 1 LOV2 transgenic line (series 4, 4-a) unexpectedly showed greater curvature than the double mutant at the higher fluence rates tested (20 mmol m 22 s 21 and 100 mmol m 22 s 21 ). In the phot2 transgenic lines, phot2WT (series 5, 5-d) and phot2LOV1 1 LOV2 (series 6, 6-b-2) seedlings curved less than the wild-type control ( , but more than the phot1-5 single mutant. At higher fluence rates (10-100 mmol m 22 s 21 ), both transgenic lines developed curvatures much like those of the wild-type control and more than the phot1-5 single mutant (Fig. 4B) . The phot2LOV1 1 LOV2 transgenic seedlings (series 7, 7-a) responded like the phot1 phot2 double mutant over the fluence range of 0.1 to 20 mmol m 22 s 21 , but reached almost a wild-type response level at 100 mmol m 22 s 21 . Surprisingly, phot2LOV1 1 LOV2 transgenic seedlings (series 8, 8-a-2), expressing PHOT2 with both LOV domains inactivated, followed the same trend as the phot2LOV1 1 LOV2 transgenics and reached curvature angles of about 42°at 100 mmol m 22 s 21 . We will return to this unexpected finding below.
As reported earlier (Sakai et al., 2001 ), phot1 mediates phototropism from fluence rates of 0.1 to 100 mmol m 22 s 21 , whereas phot2 responds to fluence rates of blue light only above 10 mmol m 22 s 21 . Similarly, our constructs of PHOT1 and PHOT2 with both functional LOV domains (phot1WT and phot2WT) and of PHOT1 and PHOT2 with only LOV2 functional, when expressed in the corresponding transformants (lines 1-d, 5-d, 2-c-1, and 6-b-2, respectively), were able to mediate phototropic responses to different fluence rates of blue light much like those mediated by native phot1 and phot2. These findings are consistent with the conclusion that LOV2 functions as the predominant light sensor for phot1 and phot2 . However, the results obtained for the phot2 transgenic lines in which only LOV1 is active (phot2LOV1 1 LOV2, line 7-a) were not as expected, nor were those obtained for the phot1 and phot2 transgenic lines in which neither LOV domain was functional (phot1LOV1 1 LOV2, line 4-a, Fig. 4A ; phot2LOV1 1 LOV2, 8-a-2, Fig. 4B ). All of these lines showed stronger phototropic responses at higher fluence rates of blue light than the phot1 phot2 double mutant. For example, the phot2LOV1 1 LOV2 transgenic seedlings (7-a) exhibited a strong phototropic response at 20 mmol m 22 s
21
of blue light and curved as much as wild-type seedlings at 100 mmol m 22 s 21 . These findings suggest that the LOV1 domain of phot2 is able to mediate phototropic curvature under high intensities of blue light.
To test whether the enhancement of curvature could be observed for all of the transformants carrying either PHOT transgene with both LOV domains inactivated, we tested the phototropic responses at fluence rates of 1, 20, and 100 mmol m 22 s 21 of blue light for all members of the series 4 and series 8 transgenic lines identified (Fig. 4, C and D) . Although the magnitude of their responses was relatively lower than those of the phot1-5 single and phot2-1 single mutants (Fig. 4, A  and B ) and the onset of curvature was later (Fig. 3, A  and B) , all of the phot1LOV1 1 LOV2 (series 4) and phot2LOV1 1 LOV2 (series 8) transgenic lines showed more curvature than the phot1 phot2 double mutant. Possible explanations for these unanticipated results are explored in the following section.
The phot2-1 Mutant Exhibits Leaky Expression of Full-Length phot2
One interpretation for the above results is that some other photoreceptor plays a role in phototropism in Arabidopsis. However, from the fluence-response data from the transgenic lines, it was evident that functional LOV2 is required to elicit phototropic curvature under low fluence rates of blue light (,10 mmol m 22 s 21 ) for both phot1 and phot2 (Fig. 4, A and B) . In contrast, the photoactivity of LOV1 alone was not sufficient to bring about a curvature response for phot1 and phot2 under these light conditions (Fig. 4, A and B) . Only under higher light conditions where phot2 activity occurs did we detect curvature responses in transgenic lines expressing either phototropin with LOV2 inactivated (Fig. 4) . We therefore considered the possibility that the phot2-1 mutant used in this study was leaky and produces a residual amount of fulllength phot2. If so, a low level of functional phot2 might not be sufficient to generate a response on its own but may interact in some way with LOV2-inactivated phototropins to bring about the phenotypes observed in these corresponding transgenic lines. Previous studies had shown that an independent phot1 phot2 double mutant, different from the one used in this study, showed a small phototropic response to high fluence rates of blue light (Sakai et al., 2001 ). The phot1-5 mutant is a known null (Huala et al., 1997) . The mutation in phot2-1 is a point mutation (G to A) in the splice site junction at the 3# terminus of intron 11 (Kagawa et al., 2004) . This mutation causes alternative splicing and results in the deletion of two amino acids and a frame shift leading to a stop codon 13 amino acids downstream from the lesion (Kinoshita et al., 2001) . The base at the 3# terminus of introns is important but is not always required for pre-mRNA splicing. In some cases, its mutation can still allow weak expression of the wild-type gene product (Lal et al., 1999) .
To ascertain whether the phot2-1 allele used in this study exhibits leaky expression of full-length phot2, we first carried out semiquantitative RT-PCR to determine expression levels of the PHOT2 gene in the phot1 phot2 (phot1-5 phot2-1) double mutant. As shown in Figure 1C , the double mutant expressed the mutated gene, although at lower levels than wild type. Since we used an oligo (dT) primer for the RT reaction, we concluded that full-length PHOT2 mRNA was being produced. However, it was not possible to determine by RT-PCR whether there was production of native PHOT2 mRNA in addition to the mutated transcript. Using an antibody specific for Arabidopsis phot2, we also detected a small amount of phot2 protein that was the expected size for full-length phot2 in the leaves of the light-grown phot1 phot2 double mutant (Fig. 5) by western blotting. We also detected a very faint band of the correct size from membrane preparations from etiolated double-mutant seedlings exposed to 6 h continuous blue light at 100 mmol m 22 s 21 , conditions under which we saw complementation in series 4 and 8 seedlings. However, the image was too weak for reproduction for publication. The small amount of native phot2 protein produced in the double mutant, especially in etiolated seedlings given extensive bluelight illumination, is evidently insufficient to mediate any curvature response on its own. Yet there was still the possibility that some residual phot2, resulting from leaky expression in the phot2-1 mutant, may somehow interact with the LOV2-inactivated phototropins in the transgenic lines generated here to bring about a curvature response under high light intensities. If this were the case, two possibilities could occur: either there could be energy transfer from the residual phot2 to the LOV2-inactivated phototropin thereby activating it, or the leaky phot2 could cross phosphorylate the LOV2-inactivated phototropin causing activation. Either mechanism would result in greater amounts of receptor activation, which could account for the phenotypes observed in the corresponding transgenic lines. Cross phosphorylation between independent phototropin molecules has been reported previously (Reymond et al., 1992) . We therefore retested this possibility using an insect-cell/Baculovirus expression system.
Cross Phosphorylation of Inactive phot1 by phot2
We used an insect-cell/Baculovirus expression system to determine whether an active version of phot2 was capable of phosphorylating an inactive version of phot1. This test was possible because phot2 is smaller than phot1 so that both can be readily identified following gel electrophoresis. To determine whether the cross phosphorylation mechanism was feasible, we first expressed the PHOT1 gene in insect cells either with both LOV domains inactivated by incorporating the C39A mutations or with its kinase domain inactivated by incorporating the D806N mutation in the kinase domain. Both mutations have been previously shown to abolish light-activated autophosphorylation for phot1 expressed in insect cells . The mutated proteins are designated phot1LOV and phot1KIN, respectively, where the strikethroughs represent the inactivated domains. Neither mutated protein showed light-activated autophosphorylation, in contrast to wild-type phot1 (Fig. 6) . We likewise tested phot2 with the same mutation in the kinase domain (D720N). As with phot1, the mutated phot2 protein, designated phot2KIN, eliminated light-activated autophosphorylation (Fig. 6) .
To test for possible cross phosphorylation, we then coexpressed either phot1LOV or phot1KIN in the presence of functional phot2 or nonfunctional phot2KIN (Fig. 7) and tested the effect of light on phosphorylation (Fig. 7, lanes 1, 2, 5, and 6 ). Not unexpectedly, we obtained light-activated autophosphorylation of phot2 itself. However, we also obtained strong lightactivated phosphorylation of phot1LOV and phot1KIN in the presence of functional phot2. In contrast, no light-dependent phosphorylation of phot1LOV and phot1KIN was observed in the presence of nonfunctional phot2KIN (Fig. 7, lanes 3, 4, 7 , and 8), confirming that the inactive phot1 was indeed phosphorylated by active phot2. These results support the hypothesis that the curvature obtained under high light conditions in the transgenic lines expressing LOV2-inactivated phototropins arose through cross phosphorylation of nonfunctional phot1 or phot2 by a small amount of functional phot2.
Leaf Expansion in the phot1 and phot2 Transgenic Lines
Previous studies have shown that either functional phot1 or phot2 alone is sufficient to support normal leaf expansion (Sakamoto and Briggs, 2002; Takemiya et al., 2005) . We characterized the leaf-expansion phenotypes of the previously selected phot1 and phot2 transgenic lines by measuring the leaf-expansion index as previously described (Takemiya et al., 2005 ; see ''Materials and Methods''). As shown in Figure 8A , the phot1-5 single mutant and the phot2-1 single mutant exhibited a leaf-expansion phenotype (index near 1; Fig. 8B ), similar to that observed for wild type, whereas the leaves of the phot1 phot2 double mutant appeared to be slower in overall growth and in normal leaf expansion, resulting in curled and narrow leaves (Sakamoto and Briggs, 2002 ; Fig. 8A ; index between 0.4 and 0.6; Fig. 8B ). We also found that phot1WT (line 1-d) and phot1LOV1 1 LOV2 (line 2-c-1) transgenic plants exhibited a normal leaf-expansion phenotype (Fig. 8, A and B) . Both the phot1LOV1 1 LOV2 (line 3-a) and the phot1LOV1 1 LOV2 (line 4-a) transgenic plants showed a curled leaf phenotype, similar to the double mutant. These results are consistent with their phototropic responses (Figs. 2  and 3 ), again indicating that the LOV2 domain of phot1 plays a major role in mediating phot1 function.
Among the phot2 transgenic lines tested, we only observed partial restoration of leaf expansion in the phot2WT (line 5-d) and the phot2LOV1 1 LOV2 (line 6-b-2) transgenic plants (Fig. 8, A and B) . The leaves of neither of them expanded to the level of wild type or the phot1-5 and phot2-1 single-mutant controls. Phot2LOV1 1 LOV2 (line 7-a) transgenic plants, expressing phot2 with only LOV1 functional and phot2LOV1 1 LOV2 (line 8-a-2) transgenic plants expressing phot2 with both LOV domains inactivated showed curled leaves, little better than the phot1 phot2 double mutant. Thus, if the hypothesized cross phosphorylation mechanism does occur in vivo, it appears insufficient for complementation of the mutant leaf phenotype, in contrast to the phototropic response.
DISCUSSION
This work extends our knowledge of the roles of the LOV domains in phototropins. Using a structurefunction approach analogous to that employed in this study, Christie et al. (2002) investigated the relative roles of LOV1 and LOV2 in light sensing for photochemistry, light-activated autophosphorylation, and phototropism for phot1. They concluded that LOV2 dominated photosensing for photochemistry (as evaluated by absorbance spectroscopy) and was essential both for light-activated autophosphorylation and phot1-mediated phototropism. By contrast, inactivation of LOV1 had little effect on photosensing, and no impact on phototropism in response to continuous dim blue light or on light-activated autophosphorylation. Christie et al. (2002) also demonstrated that the LOV2 domain of phot2 played a similar dominant role in photosensing and in vitro light-activated autophosphorylation. Inconsistent with the phot1 results, phot2 with LOV2 inactivated, expressed in insect cells, was still able to carry out a low level of phosphorylation. Thus, it appeared that the LOV1 domain of phot2 could itself mediate a low level of light-activated autophosphorylation. Christie et al. (2002) were unable to assess the roles of the LOV domains in phototropism mediated by phot1 in response to higher fluence rates as the transgenics were created in the phot1-5 single-mutant background that carried wild-type levels of phot2 that mediate phototropism under high light intensities. Thus, the light fluence rates used for their experimental analysis had to be kept below the threshold for phot2 activation. We tried to avoid this issue in this study by using the phot1 phot2 double mutant for our structure-function analysis.
Under a test fluence rate of 1 mmol m 22 s 21 for phot1 transformants, our experiments confirmed that the photochemical reactivity of LOV2 alone was sufficient for phot1-mediated phototropism ( Fig. 2A) . Only transgenic lines expressing phot1 with a functional LOV2 domain were able to restore phototropic responsiveness. With a test fluence rate of 20 mmol m 22 s 21 for phot2 assessment, the results obtained for the LOV2 domaininactivated phot2 transgenics were consistent with the phot2 autophosphorylation results of Christie et al. (2002) . The LOV2 domain of phot2 alone restored phototropic responsiveness in the phot1 phot2 double mutant (Fig. 2B ). In addition, we found that the LOV1 domain of phot2 could also partially elicit a phototropic response (Fig. 2B) . Therefore, as with lightactivated autophosphorylation, it appeared that the LOV1 domain alone could play a functional role in mediating phototropism for phot2. Harper et al. (2003) carried out a detailed NMR structural analysis of an extended LOV2 fragment derived from oat phot1 and reported that an amphipathic a-helix was downstream from LOV2. This helix (designated the Ja-helix) was tightly appressed to the hydrophobic surface of LOV2 in the dark state, but was released and lost its structural integrity upon lightdriven cysteinyl-adduct formation. Subsequent studies showed that artificial disruption of the Ja-helix by site-directed mutagenesis led to constitutive disordering of the a-helix in the isolated LOV2 fragment and to constitutive autophosphorylation activity of full-length Arabidopsis phot1 produced in insect cells (Harper et al., 2004) . The authors concluded that the release and loss of structure of the Ja-helix were a prerequisite for phot1 autophosphorylation. Based on sequence similarity, an amphipathic a-helix is likely found universally downstream from LOV2 in the phototropins (Harper et al., 2004 ). It appears not to be found downstream from LOV1, consistent with the predominant role of LOV2 in regulating phototropin function. However, the observation that the LOV1 domain of phot2 alone appeared to mediate phot2 autophosphorylation at least at a low level and elicit a significant degree of phototropic curvature in transgenic Arabidopsis (Fig. 2B ) is puzzling and inconsistent with the requirement for LOV2 plus the downstream Ja-helix for phototropin activation (Harper et al., 2004) .
In a related study, Kagawa et al. (2004) were able to assess the functional roles of the LOV1 and LOV2 domains in planta for the phot2 ortholog in the fern Adiantum capillus-veneris. Using transient expression, they demonstrated the LOV2 domain of A. capillusveneris phot2 is essential for the phot2-mediated chloroplast avoidance response, whereas the LOV1 domain was dispensable and could not itself serve a photosensor to mediate the response.
When the phot1LOV1 1 LOV2 transgenic lines (series 4) were exposed to fluence rates of blue light Figure 6 . Effect of mutating either the conserved Cys (C39A) within each LOV domain in LOV1 and LOV2 or the conserved Asps in the kinase domain, required for kinase activity (D806N in phot1, D720N in phot2) on light-activated in vitro autophosphorylation of phot1 or phot2 expressed in the insect cells. Lanes 1 and 2: both LOV domains of phot1 mutated (phot1LOV); lanes 3 and 4: phot1 kinase domain mutated (phot1KIN); lanes 5 and 6: wild-type phot1; lanes 7 and 8: phot2 kinase domain mutated (phot2KIN); lanes 9 and 10: wild-type phot2. D, Dark; L, light (saturating white light); LOV, LOV-domain mutated; K, kinase-domain mutated. Western-blot analysis of phot1 and phot2 protein levels is shown below. Soluble protein extracts prepared from insect cells were probed with anti-phot1 antibody (left) or anti-phot2 antibody (right). Figure 7 . Light-activated cross phosphorylation of inactivated phot1 by functional phot2. Proteins were produced by coexpression of the two photoreceptor genes in insect cells. Lanes 1 and 2: functional phot2 plus phot1 with its kinase domain inactivated (phot1KIN); lanes 3 and 4: phot2 with its kinase domain inactivated (phot2KIN) plus phot1 with its kinase domain inactivated (phot1KIN); lanes 5 and 6: functional phot2 plus phot1 with both LOV domains mutated (phot1LOV 5 phot1LOV1 LOV2); lanes 7 and 8: phot2 with its kinase domain inactivated (phot2KIN) plus phot1 both LOV domains mutated (phot1LOV 5 phot21LOV1 LOV2). Inactivation of the proteins is as described in Figure 6 . Western-blot analysis of phot1 and phot2 protein levels is shown below. Soluble protein extracts prepared from insect cells were probed with anti-phot1 antibody (left) or anti-phot2 antibody (right). above 10 mmol m 22 s 21 , they showed a surprisingly strong phototropic response (Fig. 4C) . Likewise, the comparable phot2 transgenics expressing phot2 with LOV2 inactivated (series 7) or with both LOV1 and LOV2 inactivated (series 8) showed a phototropic response well above the residual response observed for the phot1 phot2 double mutant alone (Fig. 4D) . Since the series 4 and series 8 transgenic lines lacked any functional LOV domains but still mediated a strong curvature response, some other mechanism must account for the phototropic phenotypes observed. Such a mechanism could also account for why a curvature response was observed for the transgenics expressing phot2 with only LOV1 functional (series 7).
With the finding that the phot1 phot2 double mutant used in this study is leaky for phot2 (Fig. 5) and is detectable at least in light-grown plants, we considered that a low level of phot2 produced in etiolated seedlings might account for the phototropic phenotypes observed under high light conditions with transgenic lines expressing phot1 or phot2 with LOV2 inactivated.
Given the known phenotype of the phot1-5 phot2-1 mutant used in this study it is apparent that any low level of phot2 protein produced is not in itself sufficient to elicit phot2-mediated responses.
PHOT2 gene expression in dark-grown Arabidopsis seedlings is induced by light (Jarillo et al., 2001; Kagawa et al., 2004) and phot2 activity for phototropism requires high-light conditions. With the phot1-5 single mutant, functional phot2 activity is only clearly observed above fluence rates of 10 mmol m 22 s 21 (Fig.  4B) . The CaMV35S promoter was used to drive PHOT gene expression in this study and therefore accounts for the phototropic curvature observed for the phot2WT and phot2LOV1 1 LOV2 transgenics lines below this fluence rate threshold as functional phot2 would have been present at the onset of irradiation. Indeed, at light conditions below 10 mmol m 22 s 21 the phototropic curvature phenotypes observed for the phot2 transgenic lines are in accordance with a LOV2-Ja-helix photoactivation mechanism, i.e. curvature is only observed in transgenic seedlings harboring phot2 with a functional LOV2 domain (Fig. 4B) . Phototropic curvature for transgenic lines expressing either phot1 or phot2 with LOV2 (or both LOV domains) inactivated was only observed under high light conditions where phot2 activity predominates (Fig. 4, A and B) .
The insect-cell expression studies indicate that a cross phosphorylation mechanism can occur between independent phototropin molecules ( Fig. 7) . Given these findings, it is tempting to speculate that such a mechanism may occur in vivo. While the functional significance for such a mechanism is not immediately obvious, cross phosphorylation may account for the unexpected curvature responses observed for some of the transgenics generated in this study. Under highlight conditions a low level of phot2, insufficient to mediate a response on its own, could cross phosphorylate an inactive version of phot1 or phot2 in the absence of the Ja-helix mechanism, thereby increasing the overall level of receptor activation and bringing about a curvature response. The results of western blotting indicate that detectable full-length phot2 is expressed in the double mutant and that in etiolated seedlings exposed to high fluence rates of blue light a trace amount of full-length phot2 protein can be detected. Our physiological observations are also consistent with the presence of a low level of phot2 protein in etiolated seedlings of the various transgenic lines. A more rigorous test of the cross phosphorylation hypothesis is now needed to determine whether such a mechanism of action can occur in vivo. The similar cellular and subcellular distributions of phot1 (Sakamoto and Briggs, 2002) and phot2 (Kong et al., 2006) are consistent with such a possibility. It should be cautioned that the low level of light-induced autophosphorylation observed when phot2 had only LOV1 functional ) cannot be accounted for by the proposed cross phosphorylation mechanism as it was measured in the insect-cell system where no other phototropin was present. 1 cm) . B, The leaf-expansion index of the fifth rosette leaves was expressed as the ratio of the projection of the leaf width before and after artificial uncurling. Each value is the mean 6 SE of 12 leaves.
The phot1 transgenic lines (series 1-4) showed effective complementation of the curled leaf phenotype of the phot1 phot2 double mutant as long as a functional LOV2 domain was present (series 1 and 2), as was the case with phototropism (Fig. 8) . However, complementation of the leaf phenotype in the comparable phot2 transgenic lines (series 5 and 6) was not as effective (Fig. 8) . Although the lines selected for the leaf-expansion assay (5-d and 6-b-2) showed fully complemented phototropism (Fig. 2B) , they showed only weak complementation of the curled leaf phenotype in the phot2WT and phot2LOV1 1 LOV2. This result could be the consequence of driving the PHOT2 transgene by the CaMV35S promoter rather than by the native PHOT2 promoter. Although, according to Figure 1C , line 8-a-2 showed higher PHOT2 mRNA expression than that found in wild-type seedlings, the cellular distribution of transgene product in this line may well not coincide with the cellular distribution of the endogenous phot2.
These physiological studies did not identify a specific role for LOV1 photochemistry. Salomon et al. (2004) have shown that the LOV1 domain of oat phot1 may serve as a dimerization site and propose that native phot1 could function as a dimer. The results from our cross phosphorylation experiments are consistent with heterodimerization occurring between phot1 and phot2 molecules. However, it is unknown what effect dimerization might have on phototropin function or whether the extent of dimerization is altered by light. The function of LOV1 has been proposed to prolong the lifetime of phototropin receptor activation (Kagawa et al., 2004) . This hypothesis warrants further investigation given that the presence of LOV1 has been shown to modulate the activity of bacterially expressed phot2 kinase (Matsuoka and Tokutomi, 2005) . It remains to be determined how phot2 LOV1 can mediate autophosphorylation in the absence of the LOV2-associated Ja-helix mechanism, but the result is consistent with interaction between LOV1 and LOV2. Thus the exact role of the LOV1 domain is still unclear and to date we have been unable to elucidate any major biological function for it. If its function is trivial, the question remains as to why the LOV1 domain has been so highly conserved within the phototropin molecule throughout evolution. It should be noted that the series 3 transformants, with only LOV1 functional, all showed low protein levels (Fig. 1B) so possible complementation of phototropism in transgenic seedlings with higher expression levels cannot be ruled out.
The results from this study indicate that the LOV2 domain of Arabidopsis phot1 and phot2 functions in both photoreceptors as the major light sensor in mediating phototropin function both for phototropism and for leaf expansion. It is important to establish whether this is the case for other phototropin-mediated responses in Arabidopsis: blue-light-induced stomatal opening, the rapid inhibition of growth, and lightactivated chloroplast movement. Our findings also raise the unexpected possibility that phot1 and phot2 may interact in vivo by cross phosphorylation. If so, this cross talk could add another layer of complexity to the interpretation of physiological data.
MATERIALS AND METHODS
Construction of Plant Transformation Vectors
Construction of the 35STPHOT1 transformation vectors are described elsewhere . 35STPHOT2 transformation vectors were constructed in a manner similar to construction of the 35STPHOT1 transformation vectors using the binary expression vector pEZR(K)-LC . 35STPHOT2 transformation vectors were constructed as follows: the Baculovirus transfer vector pAcHLT-A (BD Pharmingen) carrying the PHOT2 cDNA of Arabidopsis (Arabidopsis thaliana; Sakai et al., 2001) , was used to generate the LOV C39A mutants by site-directed mutagenesis. The PHOT1 cDNA sequence cloned into the pEZR(K)-LC transformation vector was removed using EcoRI and KpnI. Each respective PHOT2 cDNA sequence was subcloned from pAcHLT-A into the transformation vector using EcoRI and KpnI such that a full-length PHOT2 cDNA clone including an N-terminal 6XHis affinity tag was generated.
Transformation of Arabidopsis
35STPHOT1 and 35STPHOT2 constructs were transformed into the phot1-5 phot2-1 (nph1-5 cav1-1) double mutant with Agrobacterium by floral dipping (Clough and Bent, 1998) . The Agrobacterium strain used was GV3101 (pMP90).
Transformant Selection
Transformant plants of Arabidopsis, ecotype Columbia, gl1 background, grown under continuous light, were selected as described by Tseng et al. (2001) . T1 plants were selected on medium containing 13 Murashige and Skoog salts on 0.8% agar with 50 mg mL 21 of kanamycin (Sigma). Based on segregation of kanamycin resistance, T2 lines that contained a single transgene locus were selected and homozygous T3 seeds were harvested for further studies. In cases in which the numbers 1 or 2 follow the same line designation, these two lines came from a single parent.
Growth Conditions and Light Source
The gl1 mutant (ecotype Columbia), which is the parental line of the above phot1 phot2 double-mutant line, was used as the wild-type control. Seeds were surface sterilized and planted on 0.53 Murashige and Skoog salts with 0.8% agar (w/v). After cold treatment (4°C) for 3 d and red-light exposure (22°C, fluence rate 15 mmol m 22 s 21 ) for 2 h to induce uniform germination (Liscum and Briggs, 1996) , seedlings were grown in the dark (22°C) for 2.5 d with the plates held vertical before the onset of the phototropic stimulus as reported previously (Lascève et al., 1999 Skoog salts medium with 0.8% agar (w/v). To induce hypocotyl curvature, 2.5-d-old dark-grown seedlings of Arabidopsis were illuminated continuously with unilateral blue light and imaged at the times indicated in the ''Results'' section. After illumination, the images of the seedlings were scanned on a HP Scan Jet (Hewlett-Packard) and curvatures were measured in degrees using National Institutes of Health image software.
Measurement of Leaf Expansion
Arabidopsis plants were grown in soil for 4 weeks under constant white light (45 mmol m 22 s 21 ) at 22°C in a growth chamber. Twelve plants for each transformation were photographed when they were 4 weeks old. Measurement of leaf expansion was carried out as described in Takemiya et al. (2005) . The fifth leaves from these transgenic plants, together with those from other control plants, were harvested and photographed. They were then uncurled manually if they were not flat and photographed again. Leaf widths were measured before and after uncurling and the ratio of the curled width to the uncurled width was designated as the index of leaf expansion. The greater the curling, the lower the index. Leaf width was measured before and after manual flattening using ImageJ software (http://rsb.info.nih.gov/ij/). Error bars indicate SE of the mean.
Western-Blot Analysis
For phot1, etiolated seedlings 2.5-d-old were used. For phot2, leaves were harvested from 2-week-old light-grown plants. Membrane-protein extracts from etiolated seedlings of Arabidopsis were prepared in a cold room (4°C) under dim red-light conditions (Liscum and Briggs, 1996) . Seedlings were ground in homogenization buffer (25 mM MOPS, 0.25 mM Suc, 0.1 mM MgCl 2 , 8 mM L-Cys, 5 mM e-aminocaproic acid, 1 mM benzamidine) with One Time (13) protease inhibitor (Roche) and pelleted by centrifugation (2 min, 10,000 rpm in an Eppendorf centrifuge 5415C, at 4°C). The supernatant was collected and pelleted by a second centrifugation (1 h, 135,000g, at 4°C). The second pellet was resuspended in 15 mM Tris-HCl (pH 8.0) 1% SDS sample buffer. Protein concentrations were determined using a BCA protein assay kit (Pierce). Protein samples (50 mg) were boiled in the SDS sample buffer and resolved on 7.5% SDS polyacrylamide gel. Western blots of plant protein extracts were performed as described (Sakai et al., 2001 ) using either an anti-phot1 polyclonal antibody (1 in 5,000 dilution; Christie et al., 1998) or a purified polyclonal phot2 antibody (1 in 2,500 dilution) raised against a peptide fragment located at the extreme C-terminal region of Arabidopsis phot2 (Sigma-Genosys), using the color development method with anti-rabbit IgG (Promega) conjugated to alkaline phosphatase as the secondary antibody. Western-blot analysis of soluble protein extracts from insect cells (10 mg) was performed as described (Sakai et al., 2001 ) using a purified polyclonal antibodies raised against a peptide fragment located at the extreme C-terminal region of Arabidopsis phot1 or phot2 (Sigma-Genosys). Purified polyclonal anti-phot1 and anti-phot2 antibodies were used at a 1:10,000 dilution.
Semiquantitative RT-PCR
Semiquantitative RT-PCR was carried out as described by Tseng et al. (2004) . For both phot1 and phot2, leaves of light-grown plants 4-weeks-old were used. About 0.1 g of leaf tissues was harvested from 4-week-old plants grown under continuous light at 22°C. Total RNA was extracted with TRI reagent (Molecular Research Center). Approximately 5 mg of total RNA, treated with RNase-free DNase I (Promega), were used to synthesize the firststrand cDNA with the SuperScript first-strand synthesis system (Invitrogen), according to the manufacturer's instructions. PCR was performed as described by Klimyuk et al. (1993) . In the same reaction tube, first-strand cDNA were amplified with UBQ10 primers (5#-AACTTTCTCTCAATTCTCTCT-ACC-3# and 5#-CTTCTTAAGCATAACAGAGACGAG-3#; Debeaujon et al., 2001 ) and with either PHOT1 primers (5#-GATACGATGCCCGCCAAAAAG-3# and 5#-ACAGATCAAAATCGACAAAGAGAT-3#) or with PHOT2 primers (5#-GCTCTAGACCATGGCCCCTCCAAAATCGTTTGTCT-3# and 5#-AACT-GCAGTTAGAAGAGGTCAATGTCCAAG-3#). Under the conditions used, all PCR products were found to increase linearly between cycles 20 and 35 (data not shown). Therefore, the PCR reactions were carried out for 25 cycles for all experiments. PCR products were separated in 0.8% agarose gel and then transferred to nylon membranes (Hybond-N 1 , Amersham). The membranes were probed with 32 P-labeled UBQ10, PHOT1, and PHOT2 probes separately.
The signal intensities were determined with a PhosphorImager (Molecular Dynamics). All the UBQ10, PHOT1, and PHOT 2 primers used flanked introns and produced different-size products from genomic DNA and cDNA. We did not detect any genomic PCR product.
Phototropin Expression in Insect Cells
Recombinant Baculovirus encoding Arabidopsis PHOT1 or PHOT2 carrying specific amino acid mutations was generated using the BaculoGold Transfection kit (BD Biosciences Pharmingen) in accordance to the instructions of the supplier. Recombinant Baculovirus was titered by end point dilution and used to infect Sf9 (Spodoptera frugiperda) insect cells. Expression of recombinant phot1 and phot2 was carried out as described previously (Christie et al., 1998; Sakai et al., 2001 ). For coinfections, equal amounts of respective recombinant viral stocks were mixed prior to inoculation. Insect cells were grown in complete darkness and harvested under dim red light 3 d post infection.
In Vitro Phosphorylation Analysis
Autophosphorylation of full-length Arabidopsis phot1 and phot2 was performed as described previously Harper et al., 2004) . All manipulations were carried out under a dim red safe light. Insect cells were centrifuged at 1,000g for 1 min and the cell pellet was resuspended in 100 mL phosphorylation buffer (37.5 mM Tris pH 7.5, 5.3 mM MgSO 4 , 150 mM NaCl, 1 mM EGTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 13 protease inhibitor cocktail [Roche] ). Cells were sonicated (MSE Soniprep) and pelleted for 2 min in a microfuge (Eppendorf centrifuge 5415C, top speed) and the crude soluble fraction was removed. Protein concentrations were determined by the Bradford protein assay (Bio-Rad) using bovine serum albumin as standard. A 10 mg protein sample was used for autophosphorylation analysis. Radiolabeled ATP (g-32 P [110 TBq/mmol; Amersham
Pharmacia Biotech]) was diluted 5-fold with unlabeled ATP (10 mM) and 1 mL used for each phosphorylation reaction (total volume of 10 mL). Upon addition of radiolabeled ATP, phosphorylation reactions were carried out either under dim red light (dark with respect to blue light) or in the presence of white light (a total fluence of 30,000 mmol m 22 s 21 ). Reactions were allowed to proceed for 2 min at room temperature and stopped by adding 10 mL 23 SDS sample buffer (110 mM Tris pH 6.8, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.008% bromphenol blue). Experiments were repeated at least three times and the data shown are representative of the results obtained.
